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ES16NIffi PASSIVE SOLARBUILDINGS TO REDUCE TEWERATURE SWIN6S*

by

Douglas Bale*
Los AlaIsosScientific Labora~ory

Los Alamos, NM 87545

Control of temperature swings Is a major consideration in design of
pess!ve solar heated buildlngs--especially seas the designer seeks to
&chieve most of the building heat from the sun. Observations of tempera-
ture swings in several passive buildings are cited. Methods of tempera-
ture control are discussed, both by means o? control intervention such as
using of auxiliary backup heating, ventilation, blow.’rs;and by means of
building design. The design approach is preferred as the main course with
the intervention techniques used for fine tuning.

INTRODUCTION

It has not been very long since people challenged
the basic feasibility of passive solar heating.
How could such simple concepts as direct gain,
thenr~l storage wall, solar greenhouse, tnemo-
siphon, or roof pond systems really compete with
sophisticated hardware? These questions are not
heard so Jften any more; the basic viability of
passive solar heating in the U. S. is now be-
comlng widely accepted. This has come about
mostly because of the undeniable and demonstra-
ble effectiveness of a growing number of passive
hulldings. The basic measure by which ttfese
buildings are judged is the fuel bill and these
have been quite low. 1,1

We are now movingto the next question. This
might be put as follows: “Surely these buildings
mast be uncomfortable. They must bake when there
IL a Iot of sun and freeze when it gets cold. If
the building itself is to store heat, then the
temperature swings must be uncomfortably larqe.”
This c~itlcism has a bit more bite to it. In fact,
there are many passive solar buildings forwhlch
It is quite true.

Other questfons arise. Many who are quite know-
ledgeableabout solar heating will st~ll ask, “What,
happens when there is a week of no sun”? They
only need be reminded that an active system falters
under such conditions also. Each needs auxiliary
backup heat or the temperature may fall to uncom-
fortably low lcnels.

Manyof the first generation of pass~ve advocates
muld rather put on sweaters than pay their dues
the utility company. This tough-it-out philosophy
has not benefited the image of passive solar heat-
ing. TO adopt such an attitude is short-sighted.
Now, as always, a major function of the built en-
vironment is to provide good thermal comfort con-
ditions within. It will be an error to promote
passive solar heattng and a changeof life style
at the same time.

If backup auxiliary heat can solve the problem of
temperature minitmrnsin the building, can it help
reduce the daily temperature swings? Are these a
real problem, or are they easily alleviated? The
evidence presented in this paper indicates that the
temperature swing problem does exist In some pas-
sive buildings and apparently does not exist in
others. Why Is this? Can It be effected by
building design?

Passive solar design is now entering a new phase--
a phase of design sophistication. In reaction to
the overcomplexity of active systems, passive de-
sign has often been portrayed as simply a) a huge
aperture to accept the south sun, b) proper shading
to exclude the summer sun, and c) a really massive
building to provide heat storage.

But passfve solar design, done correctly, Is more
complex. It is a subtle complexity. The thermal
design Itself must be carefully considered as will
be discussed in more detail fn this paper. And
the des~gn must consider many factors other than

●Hork performed under the auspices of the U. S. Department of Energy, R6D Branch for Heating and Coollng,
Assfstant Secretary fcr Conservation and Solar Energy Projects.



just the thermal: considerations of aesthetics,
livability, economics, all leading up to the key
criteria: marketability.

TNE EVIDENCE

A small body of data is now emerging on passive
solar heated structures. Temperature swings in
tmof Oavid Wright’s direct-qain passive solar
homes have been documented. In the original Santa
Fehome, temperature swings were obsewed to be
approximately 20”F on sunny winter days.1 This
house has extensive south glass, a ~elatively
large overhang, and a massive shell made of adobe
walls insulated on the outside, a brick floor on
sand on dirt insulated underneath, and adobe ban-
cos containing water-filled 55-gallon drums.

Another home in Santa Fe, the second house con-
structed by Karen Terry, is a single-story house
of somewhat more complex design. The fixed double
glazing is located not only along the south wall,
but in clerestory windows admitting sunlight into
the back rooms. Again, there is extensive thermal
mass within the thermal envelope of the building
inside walls, interior walls, fireplaces, and the
floor. A more compr hensive set of data have been
taken on this house.? The instrumentation con-
sisted of two high-low thermometers reset each day;
the data acquisition systtm, a pencil and a note-
book with records reliably kept each day. In addi-
tion to the minimum and maximum inside and exterior
tanperatures, observations were made of the ndture
of the weather on that day (clear, partly cloudy,
rain, snow, windy, etc.). An analysis of this
record for the winter of J977-78 reveals the infor-
mation below.

These results indicate th~t clear winter day tem-
perature swings of 16-15°F average, up to 20-22°F
maximum, can be expected in a buiiding which is
predominantly heated by a direct-gain passlveap-
proach, in a climate such as Santa Fewhich has a
high heating load and a great deal of direct sun ir.
the winter. The only auxiliary used in this par-
ticular house is a woodburning fireplace which is
used ordinarily only during periods of reduced sun
and cold weather. Generally there is no auxiliary
used during a sequence of clear cold days.

.i
Interior Temperatures, “F Se_p&

Naxlmum 80

Mlnlmum 68

Maximum Oally Swing 10

Numberof Clear Days 13

Average Clear-day Swing 7.2

Outstde Temperatures, ‘F

Maxfmum 88

Mlnlmum 37

Ott

-&--
66

12

27

9.4

b

80

25

Another indication frm direct-gainbuildings has
been obtained from the Ifallasey school in Liver-
pool, England.3 This building has also baen oper-
atad without auxiliary heating; however, there ts
a -or InPut Of ener9Y frOm the lights and the
students, unlike the situation which exists ‘in a
residence. The character of the sunlight in
Liverpool, England, in the winter is unlike that
found in New Nexico. There are virtually no clear
winter days. The neighboring North Sea dominates
the weather, creating gray sKies and diffuse con-
ditions throughout the winter. Use of a diffusing
glass on the south solar wall further distributes
the sunllght within the building creating a re-
latively uniform lfghting and heating condition
throughout the space. Typical winter-day tempera-
ture swings in this building were observed to be
7“F, with the msximumbcing 16”F.4

Although no data records are available, it has been
stated that temperature swings In direct-gain
buildings in the mild southern IJ.S. climate of
Northern MississtfJpiare relatively small. In such
a climate little direct gain is needed in order to
hedta building. Since the ratio of thermal storage
to glazed area can be substantially hiqher, internal
temperature swings can be proportionally lower.

The data reccrd from passive solar buildings which
use thennai storage walls indicate? that tempera-
ture swings are less than in direct-gain struc-
tures. In almost all of these cases, thermocircula-
tion vents were employed, as devised by Trombe and
Michel. As has been noted,5 these vents tend to
create larger temperature swings in the building
than would occur without the use of the vents.

Data taken on the original Trombe-Mi hel house in
Odeillo, France, have been reported.g Unfortun-
ately. the room temperature swings were not gfven.
Since the building is 70% solar heated, presumably
no auxiliary energy is required during clear win-
ter-day conditions, regardless of outside tempera-
ture. This building 1s all masonry construction,
except the roof; the floor is concrete slab, the
side and back walls ar$ block, and the Trombe wall
is exceptionally thick (24 in.). Thus, extra day.
time heating created by the thermocirculation vents,
can effectively be stored in the building mass.
Diurnal temperature fluctuations observed on the

Nov Oec 1,arc Feb

-Z F 87 T

68 63 58 59

14 20 22 15

24 19 19 15

12.0 16.4 “ 15.4 11.0

69 56 50 56

10”3 8 -3

2’



interior Trombe wall surface are alsrost irapercept-
IbTe (%2-3”F); only the effect of longer tens
weather changes zre observed.

!Me taken by LASL In the home of Ooug Kelbaugh In
Prfnceton, New Jersey. provides additional evidence.
These data indicate a temperature swing of15°F
during winter-day conditions. The house is ofwd
frame construction wtth additional mass (other than
the 15-in. Trombe wall) only in the concrete floor
slab of the grounj floor. The thermocirculation
vents are relatively large and obviously create
strong heating in the building during a wintw day.
Passive back-draft dampers which prevent reverse
thermocirculation at night, show strong air flow.
Temperatures in the upstairs rooms are generally
observed to be warmer than those downstairs; typ-
ically 8°F at the maximum, occurring during the
late afternooc.

Oata have also been taken on the two-story Trombe
Wall home of Bruce Hunn in Los Alamos.7 This is
an unvented solid Trombe wall 12 in. thick made of
concrete block with the cores filled with numtar.
It is a hybrid system in that air can be removed
from the space between the glass and the wall and
blown through 7 rock bed. During periods when the
fan is not in operation, temperature swings in the
room behind the Trombe wall are observed to be9°F
during sunny winter days. There is significant
direct gain into the room through windows located
on the side of the Trombe wall. A masonry side
wall in the main room provides added heat storage.

Data have also been taken in my home in Santa Fe.
This is Unit 1 in Filst Villaqe, designed and built
by Wayne and Susan Nichols.8*~ [t is a two-story
solar greenl,ousecombination with the greenhouse
located on the south side and the living portion
on the north side of an adob,l(earth brick) mass
wall. Thewdll is 1! in. th,ickat the lower level
and 10 in. thick at the upper level. The mass wall
functions as a Trombe wall, being heated on the out-
side and diffusnq the heat through the wall to the
inside. There is no thernroc{rculationexcept as
occurs through doors between the house and the
greenhouse dur!ng the day. Since the staircase is
in the greenhouse, there is no way air can,flow
from the lower level to the upper level directly.
The house is a hybrid design; warm air is blown
from the greenhouse to heat a rock bed underneath
the floor of the llvinq room area downstaii.s. Dis-
tribution of this heat to the liv~ng space is Pas-
sive, by conduction of heat up through the floor
slab.

Tenmerature swings in the greenhouse are large, ty-
pically 30 to 40”F during sunny winter days, ranq-
ing from the low 50’s to the high 80’s. The swing
would be 10”F larger without the fan. 8Y contt’ast,
temperature swinqs in the living space are small,
typically 4 to 6°F durinq winter conditions. This
stability is attributed to the leveling effect of
heat delivery from the various modes at differer,t
times. The lfvinq space is heated by direct and
thcnnocirculation gains dur~ng the day, by diffusion
of heat through the wall during the evening, and by
delayed diffusion of heat up through the floor dur-
iny the night. The rock-bed heating is a small
contribution to the overall heatinq (not more than
a third of the total) but adds to the comfort of

the room by maintaining uarmfloors and stabilizing
the tersperature.

Extensive data from test rooms at Los Alamos have
been reported.lo Of Special note are the data from
water walls, Trombe walls, with and without vents,
and direct gain rooms. The temperature swing in-
formation and other data are suammsrizeti in the
following table.

Thenasl
sw#a

6Tu/’F
,per ft2

9!@!Yl

Direct Gain Room 39.0

16” Trotie Wall, 28.6
(with vents )

16” in. Solid Mall 35.7
(no vents)

Uaterliall 32.3

Thermal Inside Time
Storage Oaily of
SjIJ~ Temp. Inside

Swing ;M&.
Glazinc “F

Area—— =

3.13 w 3:00

.82 26 4:00

1.03 ‘ 9 10:00

.66 25 4:00

These results clearly represent extreme conditions.
Normally, a solar building would not be as strong-
ly heated, in proportion to the total thermal load,
as these rooms. They were intentionally designed
to be strongly solar heated and generally ride from
50 to 70”F above the average outside ac!bienttem-
perature during sunny midwinter riays. Thus, the
buildings are somewhat overheated even in the cold
Los Alamos climate.

Nonetheless, the results are indicative of some
general trends. The temperature stability of the
unvented Trombe wall room is particularly notable.
The effect of the diffusicn of heat through the so-
lid concrete is to smooth out the temperature var-
iations. The water walls, by contrast, act as a
point heat capacity and do not exhibit this delay
and smoothing effect. The effect of the thernro-
circulation vents in the Trombe wall is to increase
the daily swing, without appreciably increasing the
minimum night time lows. This is partly because
the buildings are of light frame construction (ex-
cept for the mass storage wall) and there is no
capacity to store excess daytime heat in the remain-
ing building mass. Thus, warm air delivered by
thermocirculation to the room increases its tempera-
ture during the day. This increases the heat which
is stored on the back side of the wall because of
the warmer room temperature but also decreases the
outside wall surface temperature by about 20”F due
to the thermocirculation, thus decreasing the heat
absorbed into the wall from the front face.

CONTROL OF TEMPERATURE SWINGS

Control using Auxiliary Backup Heating and
~i on

The control of many passive buildings works roughly
as follows: 1) anytiulethe temperature is below a
predetermined level, the auxiliary is turned on;
2) anytime the temperature is above another set
!evel (presumably somewhat higher), the windows are
opened, or an automatic ventilating fan is turned on.
Temperatures are thus maintained rouqhly within the

3



set llmits. The main problem with thfs approach fs
“ that It vents useful energy to theoutslde at tfmes

Fnd thus fncreases tbe amount of auxilfary raclulred
●t ● later time. Increasing the dffferencebctwean
the tmperature control set pofnts fncreases the
solar heatfng contribution because fnternal heat
storage is proportional to the temperature swfng.

Theauxflfary heating system provides temperature
control by supplying the difference between the
buflding load and the energy supplied by solar
heetfng and fnternal sources. This (s operatfve
only while the auxfliary is on and thus becomes
less effective as a control method as moreof the
total heat is supplied by solar. Control by this
-IIS alone is insufficient for lightweight build-
fngs wfth more than 30 to 40% solar heating. As
mre mass fs added to the building the range of
effectiveness is extended.

Ventilation fs recommended as a means of control-
lfngagafnst building overheating only in the
sprfng and fall when there is net excess e:,.)rgy
avaflable and auxiliary heating is not requfred
durfng sequences of sunny days.

Natural control, without” resort to auxiliary or
ventilation should be built in to the greatest
extent possible. This is described below for the
varfous classes of passive solar construction.

IllrectGain

Thfs is the most popular passive solar design
approach due to simplicity and perceived low cost.
Themsin problem is providing sufficient thermal
storage to control temperature swings within ac-
ceptable levels. The cost of the glazing is no
nswe than that of the wall it replaces, but ther-
mal storage is expensive. Other problems are
strong directional eaylighting, glare, and ultra-
violet degradation of fabrics.

Intrinsically the building interior must vary in
temperature if its surrounding surfaces are to
store heat. The occupants of many of these build-
fngs are so delighted to be warm in the winter
that they do not complain of being too warm occa-
sionally. The bulk of the American public may not
be so easy co please.

Heat may be stored on the interior building sur-
face in sidewalls, in the floor, in the ceilfng,
or in special thermal storage elements placed
wfthin the buil~ing interior. Each of these has
fts own special character.

Although heat storage in the floor is economical,
it is known to be relatively ineffective unless
the floor is of masonry construction, is unin-

ec’c(unshaded) sun~f This isasevererecluire-
sulated on the surf e, and is located in the dir-

~f~nt,seldom met. People like to put rugs, fur-
nfture, potted plants, teddy bears, and other
things fn their living space.

lieare now obtaining data on test rooms and on
several dfrect-gain passive structures, The plot
in Fig. 1 shows the temperature on the floor in a
Santa Fe house which LASL is monitoring.

w

60

70

60

60
FEB 18 1978 fEe 10

#fg. 1. Floor temperatures measured in a direct-
gafn house along a line extendfng north
from the windows. The shadow line is about
5’ 9“. lhe measurement at 3“ is low due
to cold alr falling down the window.

Themsl storage in sidewalls is also difficult be-
cause they are seldom located in the direct sun.
Thus, extensive dnd expensive mass must be deployed.
Thermal storage in the roof would be very effective
because of the tendency of heat to gravitate upwards
towards ft. This has not been used extensively, how-
ever, and has obvious structural requirements. The
phase-change roof tiles being experimentally de-
veloped at M.I.T. may be an ddVanCe in this direc-
tion.12 Another interior mass roof possibility
which could be used is a thin concrete slab poured
ovE’ a metal roof deck or earth on a metal deck.

The ~mperty ofa wall to store heat through a sur-
face and retgrn that heat back throu h the same sur-
face is called “thermal admittance. ?“ 3*14 FoIwMlly,
the thermal admi’.tance is the ratio of ileat flux to
temperature swing when each of these functions are
sinusoidal. For purposes of analyzing heat storage
in walls, it is reasonably accurate to assume that
the temperature varies sinusoidally on a daily
basis. The diffusion of heat through most wall
materials is sufficiently slow that one must account
for the fact that material deep within the wall is
relatively ineffective for temperature heat storage
on a daily basis. The surface layers insulate the
layers at depth. Another fmportant consideration is
the relatively large impedance for heat flow from
the room air to the wall surface. This is important
if the sun energy is first transferred from light-
weight surfaces in the room (such as rugs, furniture,
etc.] to the warm air and then from the room air to
the-wall surface.

klorkdone by Mazria, h’essling,and Baker,
15

shows
the desirabilityof distributing the mass over as
large a surface area as possible. They show thdt
distributing the same mass over nine times the
window area rather than one and one half times the
window area would reduce the temperature swing in
one case from 43°F to 12”F. Their analysis is
based on the assumption that the energy can be dis-
tributed over this extended surface. Although it
is doubtful that this assumption can be realized
in practice, the trend indicated is certainly cor-
rect. If the sunlight can be diffused and scat-
tered to nnre uniformly illuminate a larger interior
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mss autiue, this 9111 certainly ”redum the tmb
mture Swings.

.

heaeyof acc~llshlng this Is to use a diffus-
ing lazing.

!
This was done In the Hallasey school

lnL veqmol, England.3 In this case the inner
vertical glazing was n ‘figured” glass Imoortad
fka Belglw. Theqlass scattered the sunlight
onto thecelllng, beck walls and sfde walls, which
~ all of concrete. As m?ted earlier, theta+
peretura swings are reasonably small.

Ottwposslbllltfes are theuse of a translucent
flkglass-acryllc, which is frequently used fOr
glezlng greenhouses, swlnmringpool mom covers,
.tc. The transmlsslvlty of these materials can be
@fte high, yet they act to diffuse the light.
Glass which has a mottled or ripply surface, such
as that frequently used in bathrooms. can have the
eam effect.

&a general principle, materials in the mom which
~~;::tlehest storage capability should be light

. To som extent, it Is also desirable to
make mess storage walls dark in color. This is
especially true if they are in the direct sun.
hver, extensive use of dark surfaces in interior
spaces wI1l result in a lightless and dim room, and
●xtra energv will then have to be used to light
the room. This is clearly self-defeating. Thus”,
In the Uallasey school, all the interior mass walls
are painted white to more uniformly diffuse the
light throughout the room and reduce the need for
●rtificial illumination.

The useofa white painton interior mass surfaces
is less serious than one might exp~ct. Much of the
sun energy entering the room is converted to infra-
red, which is subsequently rediated throughout the
roan. All paint and most materials have a high ab-
sorbance for infrarej radiation (n 902) even though
they are a diffuse reflector in the visible spectrum.

Themel Storage Walls

Like all Indirect passive sclar heating approaches,
the the-l storage w311 circumvents two of the
major difficulties with the direct gain approach,
both associated with ~dmittinq sun into the living
space: the high llgilting levels, and damage to ma-
terials in the buildinq by the ultraviolet. Plac-
Ing windows in the thermal storage wall, as was
first done by Ooug Kelbaugh dnd later by others,
Is one effactive means of mixing design approaches.
Another major advantage of the thermal storage wall
is the reduction of temperature swings by inter-
posing a capacity effect between the solar qain
and the living zone. This is especially true if
the thermal storage wall is a solid material, such
●s concrete, which provides a dramatic srmothin~
of the temperature wave as it diffuses through the
well. Oata given for the LASL test rooms indicate
this ●ffect.

.
Another advantage of a solid thermal %torage *’all
1s providing a time delay betww:n the absorption
of solar ●nergy on the outside of the wall and the
dellvery of that energy to the interior of the

buildlng. ~mcteriStkelly, this tfmedday 1S
on Meorderof six to twelve houre sothet the
mxfmm heating generally occn In the evening at
a tlmwhen It Issnst needed in a residential
application. This time delay effect Is quite ●vl-
demt In eve~ the-l storage uall which LA5L has
mnltored. Figure 2 shows date taken at different
points wlthi the thermal StOrSge IsSll In Bruce

!)kmn’s home. 1 TW things should be notedon this
plot: the Increose In the delayof peak taxpera-
turei and the d-reese in the peak taqwratureas
theweve progresses through the wall.

BRUCE HUNN TROMBE WALL

1s0,
PROFILE AT 16’LEVR

h

JANa lw7e M*

Fig. 2. Temperatures measured in a two-story ther-
mal storage wall. The wall is madeof 12”
hollow concrete block with holes filled
with nsmtar. The wall is double-glazed
and has no vents.

The time delay effect allows for flexibility in
thermal design. The building can be heated by di-
rect gain of thermocirculation during the day and
by the wall at niqht. The following tabl~ lists
the characteristics ofa solid concrete wall during
sunny days with double glazing on the outside:

Thickness, Inside Surface Time Oelay
Inches Temperature of Peak on

Swlng the Insicie

40”F 6.8 hrs
1! 20”F 9.3 hrs

10°F 11.9 hrs
X 5°F ;;.; ;:
24 2°F .

The thickness of solid wall, which gives themexl-
mum annual energy yield to the ~gildincj,is about
12 in., independent of climate. However, such
a wall has rather large temperature swings and
tends to be col~ and uncomfortable during long
cloudy periods o 7;Iu,, :he deslgher Is led to
consid~r tkickcr walls which provide more storage
and a morg stable inside surface temperature.
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Mter smlls hava frequmtly - cmssldard ●s an
●ttmctlve design alternative to concrete. The
basfc difficulty is the physical contal~ Of tlm
-tar. Metal, plastlc, concreta.and fiberglass
-lners have all bean used. One stild be mre
that the ti- phasing chemcteristlcs of the -tar
-11 ●re rather dl ffwent than that of the invented
* wal 1. Since the water cmvects to affect-
ively transport the heat ems% the heated side to
the rocm side, there Is m ●ffactivo time delay in
● water all. The peek taperature ocwrs just at
~.

Tlwinal stablllty is achlevad through the usa of
vaY/ la- storage masses. ~ main advantage of
~ water wall Is the abll Ity to greatly Increese
the themal storage capacity of the passl ve build-
ing wltlmut excessive use of spaca.

Solar Greenhouses and Sun Spaces

A solar grwnhouse is a mixture of the direct gain
ad tbml storage wall approaches. It Is a sub-
set of the nmra genera 1 design approach which
mtght be temed a “sun space. ” It qenerally con-
sists of a direct-gal n space adjacent to amther
%We which is on the north side of the building.

This general deslqn approach is of great Interest
because it can be used to reduce tenperatum swings
In a portion of the building and stabilize the
t~ratures. The qeneral approach is shown in
Fig. 3. The building can be considered in two
zones. In Zone 1. which is the direct-gain space,
large swings in temperature can be anticipated.
Themal storage is in the mass wall separating

ha “1 and Zone 2 and also in the floor of Zone 1.
The principal advantaqe of the approach is the ra-
&cad temperature swings in Zone 2. This is a buf-
fered spacewhich is protected from the extremes
of Zone I by the time delay In haat capacity ef-
fects of themsss wall. With a little care in
themai design, one can arrange to phase the heat-
ing of Zone 2s0 as tonnintaina nearly constant
~rature.

ANOSV Sh4AU8Wlt4~S
●

r
:E UVlNQ6i’AGE I

fig. 3. Buffering of temperature swings in the
living spsca by mans of a tw-zone
structure. Hot air from Zone 1 can
also be blown through a rock bet under
the floorof Zone 2.

,.

I

slnc~the~awfmlnzenal Wtob
rdatlvely large. typtcelly ~to36Wdurtngtin-
tar clear-day codltiona. it~ attmtlw to
~sanaof thadsytlmeazcess heetbybleiilng
air from the suwpua to ● plaeo~ It-n ~
stomdor used. This has bean- by Mfgel In
his Te.suque solar gmenlmae, %ndbytha Nichols’
in Fimt Village, Untt 1. In thasoti cases the
heatedair is blown thro@h the undarflaor rock
U. S@saquent heat distribution to the - Is
passive, by conductionup throughthe flwr slab.

ksahybrlddesigwe hevaum=ked vwyw all, lncraes-
Ingcafort levals. They greatly increase t~ S
mal storage utilization of tha floor slab and are
not tm costly since the underfloor space is free
for thadlgging and th~ rocks can support the floor
slab. The principal design considerations are: 1)

,usa ● sufficient air flow to swa the raqulmd heat
at tlm lW AT’S available, 2) use a high flow, 1-
~Sure squirrel-age fan to obtain high efficien-
cy and quiet opemtlon, 3) lay out the rock beds
with their inlet and exit Plemms in s-h a way as
to match the rock bed pressure drop to the fan
characteristics. 4) make sure that the air flows
thfough ali the rocks, and 5) return the air to
the sunspace. Since the mck bed o~rates at low
tsmparature, it is not necessary to insulate it
except at the edges where heat would be lost to the
outsida. The earth under the rock bed adds to its
heat storage effectiveness. Foundations can double
as plenum walls and will themselves store a small
amunt of heat if the Wrimeter insulation is
placed outside.

Hunn uses a similar schem. In his case the “sun-
space” is only 6 in. thick (the space between the
glazing and the Tronbs wall) and the rock bed is
thermally ranmte. This has r@t worked well since
the temperatures achieved are low and do not match
well with the tempemtures needed for his forced-
air distribution system. He proposes reducing the
(charging rode) air flow rate to increase the
temperature. .

Natural thenmcirculation of air fran the sunsoacc
to the livinq space is a nonnsl appmach-used-~o~-
both Tmmbe walls (a fotnl of skinny sunspace) and

“solar greenhouses. Upper and lower vents are opened
and a strong thenmcirculation is set up during the
day. This should be used up to the point that the
heat can either be used or stored within the livinq
space. The diurnal heat storage ca~city of the
living space can be estimated using the table given
●arlier. The values used should be those in the
COIUIMI marked “indirect, AQ/ATm m.” The floor

?beneath the living space is tots lY ineffective for
indirect heat storage In this nunner and should not
be counted.

Convective LooPs

Natural connective loops have been discussed above
as used in,Trombe walls and greenhouses. This
concept cr.n be extended to the case of a large
solar collector area and rock bed storage thermally
remta fmm the heated space. This has been done
byBaer in the Paul Davis house,17 by Jay Davis in
several houses, and by Hark Jones.

6 . .



Tltf9apProachmWes thepmibflftyof ●hfgh
dsgreaof con@ol sfnce the storagecan be themslly
tsolatedfrtw heated space or connected to ft at
wfll. Tlw Paul Oavfs house uses Pssslvc dfstrfbu-
tfon with manually contvollad aaapers. The Mark
Jones Iuuse uses a conventional (L:tfve) forced-
alr distribution system wfth the rock bed lwer
plenus connected to the return afr PlenuaI and the
fismacefan inletconnectedto the rock bed upper
plemm. Both seeminglywork quite wall. “

IsolatedStora9e

A varfetyof design optfons provide a high degree of
thermal isolation between thermal storage and the
conditioned space. The convective loops referenced
●bove are examples and nssny others exist. The

%ola? battery= by lblwallfs one. A watm wall
mfe of fiberglasstubes fs contefnedand insulated
on the backsfdeand afr is blown througha themo-
statfcal1y contmllad fan. The 8enedictfne Nonastery
uatw wel1 is very simflar except that the distri-
bution f% passfveand the control fs vrovfdedby the “
office occupantsby opening or closinq manual vents.la

The us!inmotivationfor isolatad storage would seam .“
to be a deslr? to obtafn a high deg~~ @renal
control. Hany Possibilities●xist; for ●xample, a
curtafn or adjustable louver could be put between
a themal storageUS11 and the adjacentspace. In
the long run the siwle, ral iable, and passive
approaches wfll probably prevail over their mech-
anicalsexpensive~ and active alternatives.

.-.
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Valurs.

In gmwral, alpha-pfirriclehl?mtin~ f,]r UF

devices in ● crucinl inwm from both ch- viI?w

point of heating and eon[incmenL. Uniortunatm-

Iy, b~:caus~: of tlcc tlworctical ~ifficlllty ifi

analyz i IIg thrmalization proecsses In finicu

8e0meLric8, C!lis mmpecc of rcnctnr-rclnrcd

pinml and cnur~~ balance uldciinr, ham rcceivcd

only :urs-ry trea U2,~.lt to rinte.

c Scabilitv nrw.! E~ilibrim.“—..——. ——.—

Hot and duns.? plnsm16 prrduc, ad in strfli<ht

nolenoidal geometries hrwc been shown both

cxper~y;n:j~l~(~” f])
and tkrdrrt i-

cally ‘ to vxhibit radlni cquilihrium .7nd

ncucrnl eLi,bility, TIM? m-l “wubblc” HIID

inscubility, vhich is hcli~vcd “.o be induc~,d by

partial short”nz of rmlial clJ”LCric fi(.l,ls in
ftj?>

the plasma at Lhc end ruRlon, satur:ccs at

a Iw amp I 1LudL,, is ,Iot ohs,:rvod flm lar~~

r:,dlu~ plasma3 (radius apprm~imtcly equfll to

half 01 th wall radius), and is completely

dampn+ by the US1* ~Ep (27)0[ a Recent
f63)

th~.urctical ~,- ,-’2 inc!ica:.. < :1;:, L r“..”:c-

Larmur-rWius eff.?ccs arc responsible fur tllu

sLahilization of hi~her ml! P r.)tlt if.:. :i i r7-

stalriliticz. AILIwsI1 UfF dcvicsn generally

should bc .stablc tn non-idtal MUD rotation~l

instabilicic~, chc question of curvatur. c-driven

i-cstabilitinm (hall oonin~ and interchange

mode.s ) , ❑uch an those expcctcrf at high beta in

❑ulriple mirror confi~uratioas, is unclenr;

finite-Larmor-radiue and wa~l-.+c~L il1zati0n

●ffcctn mmy play am important stabilizing role,

but some form of [emfback or dynamic scahili -

zation ❑ay be raquircd. Although the nimplc

theta-pinch configuration pcrmics opcr.al ;-m

uutside the plasma para~tcr rmrgc Uhc.-c

resistive and collisionlcss tearing ❑o&s aro

active, IJ4F approaches th~t oprratc with trapped

or reversed field ❑ay have to deal with thiu

prulrlcm.

In wzmary, althmrlh :he cna:ac:iscic of

rmutral stalri!ity for LWF is genO:ai!y vali4,

thi. claim rml~t br wxnmi nrd Irm:r cnrwfully in

tlv: :ontcx? of the sptcific heating acd axial

confincrmwrL schcmrs belnR propo~.?t. For

inslancla, beam-driv~n instsbiliti-s which

●nhnnc - rndial f;cld m particle tran~port may

bmmmw crucial [o: NF cnncrpts t~nt r~quire

very sma I 1 raaii pla+mnl. Other annum ! nus

phvnumna rclnt~d to th~. p~rticular }W%lc!?g

sch..mr umy also ru4uc.: tiv, final plnms ‘cctfi,

tbt.roby diminis!)inp, t’lr mvernll rlsicioncios

prn~t~ct,.d for sp.-cif~c 1-YF rrnc:o: emtscdiu,. nt~.

SI;WARY DESI:RIITICN~F,-2Y~- Wjj’:! I?EAC”;PRgIII_- -. ———.——- .. . .

CO:WEPTS.-- —- . .

n,c essential elmu.nts of MIY5K LyF

app?nachwe tn funitin p~lwi, r arm drlo~ain.,d ic

Iarfic part by tl:.: btmofit~ and lim!ts of

pnrLicuiar ctnt[ i mqwnt ;, :-li! hWl:in F ~:::pr,..~

invokoa. TIIQ ~nLPnt h,?rc is m p:c%pn: on:y a

qmllitativu sucwry of uacv dc=i~n ns th..y

prc-~.ltly exist; the variability in qtu:y IN..:.

p;ly%iCS aSS11Mpti~9, ant pr.~j!’ction of cl.rtn::~

ttx.imoio~ics sII combine to nmk? a quia~.it.lci..,.

compariwrrr ina.!visablc nt :his t:lw!. .’.a

I,lq. nlas: IS placed, hawver. on both thu genera I

mtri Ls nnr! prab lcms ant ici; atcd ftnr -h,,,1..

apprnirch. The rcsu!ts of an ong’o{ng Cc=pnra:ive

KIsst,$smcnt by E!.2cLric power Rcscar:h Institutn
(6L: ,:n

and Bcchtel Corpcr.lri(m lI1,? baslfi 01

economic and tcchnn:o~y guidclir!cs, how,.vor.

❑hould bc of significant valu.~ in ma.kin~ a L!rc

nlla~t it n:....? Ji~ .:; Smen L, It is nlso nurd thst

of the seven LYF concepts rrvicwed here . ,ly thr

taser Hcatrd 50:cnoid (LHS)(5’G’41) ami C>e

Elect ron-Br4m Hcatct so!s2110isi
~EB,,s)(4.52;

teilctors hav.1 rL.r*. ivcd Indcpth study.althou~h a

eigrrificimst part of the turo!dal I@fcru,lce

Theta-Pinch Rcatcrr (R7rRl
atudy(b?,kh)

is

applicable to the Lirmar Thrta-Pinci, Reac~or

(LTPR)(8) cone-pt. Since the fcw rrnctor

design paramutcrm citrd are hascd on citllcr

interim or oldr?r vnlues, they should be viewed
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